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Abstract

Fumarase catalyzes the reversible conversion of fumarate to S- malate during the operation of the ubiquitous
Kreb’s cycle. Previous studies have shown that the active site includes side chains from three of the four
subunits within the tetrameric enzyme. We used a clinically observed human mutation to narrow our search
for potential catalytic groups within the fumarase active site. Offspring homozygous for the missense
mutation, a G-955–C transversion in the fumarase gene, results in the substitution of a glutamine at amino
acid 319 for the normal glutamic acid. To more fully understand the implications of this mutation, a
single-step site-directed mutagenesis method was used to generate the homologous substitution at position
315 within fumarase C from Escherichia coli. Subsequent kinetic and X-ray crystal structure analyses show
changes in the turnover number and the cocrystal structure with bound citrate.
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Fumarases

Fumarase enzymes catalyze the reversible hydration/dehy-
dration of fumarate to S-malate. Prokaroytes have three
forms of fumarase, fumarase A, fumarase B, and fumarase
C (FumC), and each has been classified as either class I or
class II, depending on their relative subunit arrangement,
metal requirement, and thermal stability. FumC belongs to
the class II-type fumarases, which are iron-independent,
thermal-stable, tetrameric enzymes of 200,000 D harboring
three distinct segments of amino acids with significant ho-
mology. It is the focus of this study. Class I fumarases are
heat-labile, superoxide anion radical (O2

−)-sensitive, Fe2+-
dependent, dimeric proteins of 120 kD. Fumarase A and
fumarase B from Escherichia coli (E. coli) are examples of
class I fumarases.

There are two types of fumarase found within human
tissues, cytosolic and mitochondrial, and both share se-
quence identity to FumC from E. coli (Woods et al. 1986).
The mitochondrial form is responsible for the reversible
conversion of fumarate to S-malate during operation of the
Kreb’s cycle, whereas the cytosolic form metabolizes fu-
marate, a by-product of the urea cycle.

Superfamily

Amino acid identity within the class II fumarase family is
quite high, 59% between FumC from E. coli and human
fumarase (Woods et al. 1986). In addition, this classification
shows an elevated level of identity within three specific
regions. Region 1 spans His 129 through Thr 146, region 2
Val 182 through Glu 200, and region 3 Gly 317 through Glu
331 (all amino-acid numbering is based on the FumC amino
acid sequence unless otherwise noted).

FumC was the first class II fumarase enzyme structure to
be solved, and its active site was shown to harbor many of
the amino acids within the three highly conserved regions
(Weaver et al. 1995). In particular, homology between Gly
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317 through Glu 331 within the third region has provided a
signature sequence motif, which defines not only the class II
fumarase family, but also a much broader superfamily of
proteins. Although side chains from all three homologous
regions are found in the active site, they are juxtaposed only
in the tetramer.

The signature sequence (GSSxMPxKxNPxxxE) lying be-
tween Gly 317 and Glu 331 has provided a means to estab-
lish an evolutionary link between a broad superfamily of
proteins, all but one of which are enzymes. Along with class
II fumarases, members of the aspartase, arginosuccinate ly-
ase, adenylosuccinate lyase, cis-muconate lactonizing en-
zyme, and �-crystallin families also share significant amino
acid homology in the signature sequence region. Figure 1
shows a sequence alignment of the 300s loop for various
members of the fumarase superfamily.

This superfamily is characterized by a three-domained,
dumbbell-shaped monomeric structure with a five-helix
bundle at the core of the central second domain. Tetramer
formation packs the five-helix bundle of the second domain
from each monomer into a superhelical core. Whereas do-
main 2 forms the core of the tetramer, domains 1 and 3
extend off the top, bottom, and sides of the core unit.

Although the family members share high identity within
the signature motif region, other segments are less well
conserved. Just beyond the borders of the signature se-

quence, the identities tend to lessen across the superfamily,
but stay relatively high within a single particular enzyme
family. This is illustrated in Figure 1, where within a par-
ticular family, amino acid identities are maintained even
beyond the signature sequence region. For example, Glu
315 is only conserved among the fumarase members, and in
the other members of the superfamily, this position is oc-
cupied by Gln (aspartase and adenylosuccinate members)
and Ser or Cys (argininosuccinate lyase). The divergence at
this position within the superfamily may indicate a selective
role for Glu 315 during the fumarase catalytic reaction.

Inborn error

In humans, two sisters’ progressive psychomotor retarda-
tion, failure to thrive, microcephaly, and abnormal posture
with hypotonia contrasting with hypertonia of limbs, all
indicative of a progressive metabolic encephalopathy, have
been attributed to an inborn error of fumarase. On further
examination, these siblings were found to have elevated
levels of lactate in their cerebrospinal fluid and high fuma-
rate excretion in their urine. This led the investigators to
focus on activities involved in the respiratory chain of the
Kreb’s cycle. The deficiency within these two siblings, born
to first cousins, was finally attributed to the inactivity of
both cytosolic and mitochondrial forms of fumarase.

Fig. 1. Superfamily 300s loop sequence alignment. The sequence alignment shows identity within the 300s loop region of the
superfamily members, fumarase, aspartase, adenylosuccinate lyase, arginosuccinate lyase, and �-crystallin. Each distinct family of
sequences has been grouped and identified within the alignment. The alignment is numbered based on E. coli fumarase C, where the
italicized region identifies the signature sequence spanning Gly 317 through Glu 331. (↓) Glu 315; (*) identical amino acids within
the superfamily signature sequence; (Yeast) Saccharomyces cerevisiae; (E. coli) Escherichia coli; (S. marcescens) Serratia marces-
cens; (P. fluorescens) Pseudomonas fluorescens; (B. subtilis) Bacillus subtilis.
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This deficiency extended to all tissues tested for fumarase
activity. The sisters were found to be homozygous for a
missense mutation at position 955. The G to C transversion
at position 955 equates to the substitution of a glutamine at
amino acid position 319 (numbering based upon human
fumarase) for the normal glutamic acid (Bourgeron et al.
1994). The first-cousin parents showed half the expected
fumarase activity when their tissue extracts were analyzed,
and they were found to be identically heterozygous for a
substitution at position 955. Glu 319, in the human fumarase
amino acid sequence, is homologous to Glu 315 in E. coli
FumC, and is located near the highly conserved signature
sequence region of amino acids residing within the active
site.

To understand the consequences attributed to the glu-
tamic acid to glutamine mutation at position 319 in human
fumarase, we engineered a homologous substitution in E.
coli FumC. The result of replacing Glu 315 with a glutamine
within FumC has been characterized kinetically and crys-
tallographically. The kinetic data indicate an ∼10-fold re-
duction in catalytic efficiency during the reversible reaction,
whereas the X-ray crystallographic data implicate the loss
of an active-site water molecule as the potential reason for
the decrease in efficiency.

Results and Discussion

Screening for E315Q

Six colonies subjected to BamHI restriction digestion con-
firmed the incorporation of the additional restriction site as
designed within the oligonucleotide primers. Subsequent
DNA sequencing results established that the only point of
alteration within the fumc gene sequence was the engineered
position at base 945. Overall 1 g of purified E315Q was
obtained from 60 g of E. coli cell paste using the Ni2+-NTA
metal-chelate chromatography as supplied by QIAGEN.

Kinetic characterization of E315Q

FumC, like other members of the fumarase family, catalyze
the reversible dehydration/hydration of S-malate to fuma-
rate. The steady-state kinetic investigations have analyzed
the mutant and native forms of fumarase during both the
dehydration and hydration events. Table 1 contains a sum-
mary of the kinetic constants for both native and E315Q
forms of FumC. As is indicated in Table 1, there is essen-
tially no effect of the glutamine for glutamic acid substitu-
tion at position 315 on the Km values for both S-malate and
fumarate. In contrast, the kcat values for E315Q have been
lowered by ∼10-fold in both directions. Overall, the cata-
lytic efficiency has been lowered 11-fold in the S-malate to
fumarate direction and 13-fold in the fumarate to S-malate
direction.

X-ray crystallographic characterization of E315Q

The coordinates for native FumC (1FUO) were used as a
starting model for the refinement scheme, wherein Glu 315
was replaced with an alanine side chain, and all ligand and
solvent molecules were excluded. There were two major
perturbations within the mutant active site. The first obvious
alteration is localized within the substituted glutamine side
chain. Gln 315 adopts a conformation whereby the hydro-
gen bond once shared between glutamic acid 315 and Thr
328 appears absent.

The second and more indirect effect of the substitution at
position 315 is the absence of electron density for a con-
served and highly coordinated active-site water molecule
(Weaver et al. 1997). Figure 2, A and B, provides ball-and-
stick models for both E315Q and native FumC, which em-
phasize the position of Gln 315 and Glu 315, respectively.
In addition, the relative position of the active-site water
(W54) within the native FumC active site is illustrated in
Fig. 2A. From the crystallographic model and electron den-
sity map it is not exactly clear why the highly coordinated
active site water is no longer bound, but 2|Fo| − |Fc| and
|Fo| − |Fc| maps contoured at 1.0 � and 3.0 �, respectively,
are not indicative of misplaced side chains or solvent elec-
tron density within this region of the active site. Typically,
the active-site water is one of the top peaks during solvent
placement and is clearly absent from the resulting E315Q
electron density maps.

To date there are two distinct native crystal structures of
FumC with the reported active-site water. The first, a C-
centered orthorhombic habit was crystallized at low pH in
the presence of 150 mM citrate (a competitive inhibitor of
FumC), whereas the second form, an I-centered orthorhom-
bic habit, was crystallized at neutral pH devoid of inhibitors
(Weaver et al. 1993). In both refined crystal structures, the
active-site water was observed to form a network of hydro-
gen bonds to His 188, Asn 141, Ser 98, and Thr 100 deep
within the active site. In the case of the C-centered ortho-
rhombic habit, the water is positioned in close proximity to
the bound competitive inhibitor citrate.

Table 1. Kinetic summary for native FumC and E315Q

Enzyme Native E315Q

S-malate → fumarate
Vmax (�mol substrate/min/mg enzyme) 178.6 16.11
Km (mM) 0.857 0.885
kcat (s−1) 595.2 55.32
kcat/Km (M−1 s−1) 6.95E5 6.25E4

Fumarate → S-malate

Vmax (�mol substrate/min/mg enzyme) 344.8 32.2
Km (mM) 0.207 0.248
kcat (s−1) 1149 107.1
kcat/Km (M−1 s−1) 5.56E6 4.32E5
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In the I-centered habit, the water molecule still is found in
approximately the same position even though the active site
is devoid of bound citrate. Therefore, the binding of the
active-site water does not seem to be a result of crystalli-
zation conditions. In fact, W54 has been observed in all of
the previously reported FumC crystals structure (1FUP;
1FUQ; 1FUR; 2FUS).

Replacement of a carboxylate at position 315 for a car-
boxyamide in this study has effectively displaced a highly
coordinated water molecule within the active site, and this
effect is reflected in the ∼10-fold reduction in kcat in both the
hydration and dehydration events.

The combination of the past crystallographic data on
FumC with the more recent analysis of E315Q seems to
indicate that the previously reported crystal structures of
FumC describe the fumarate specific conformer. In this
form, W54 is the active-site water used to hydrate the ole-
finic bond of fumarate.

Previous investigations have also indicated different con-
formers for fumarase (Rose 1998; Rebholz and Northrup
1994). Although Glu 315 does share identity among the
superfamily members, it does harbor absolute identity with
the fumarase members, as illustrated in Figure 1. Based on
this and past X-ray investigations, Glu 315 does position

Fig. 2. Structural comparisons between native and E315Q fumarase active sites. (A) The native FumC active site illustrating the
positions of Glu 315, citrate, and the highly coordinated active-site water (W54). (B) The E315Q active site with the positions of Gln
315 and citrate and the absence of W54. Dashed lines are hydrogen bonds. Atoms are shaded as follows: carbon, light gray; oxygen,
black; and nitrogen, dark gray. Amino acids are labeled using the one-letter code with E, glutamic acid; K, lysine; N, asparagines; Q,
glutamine; S, serine; T, threonine; and H, histidine. Subunit designation is provided by the lowercase letter following the amino acid
number.
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itself within the fumarase C active site near a previously
observed active-site water molecule. The kinetic data pro-
vide evidence that the glutamine replacement at position
315 has little effect on substrate binding. Rather, the muta-
tion directly decreases the efficiency of the catalytic reac-
tion. The 10-fold reduction in kcat probably does not support
Glu 315 as the as-yet-elusive catalytic acid, but the resulting
X-ray structure does implicate the importance of this side
chain in maintaining the proper architecture within the fu-
marate selective conformer active site. Collectively, the ki-
netic and crystallographic data for E315Q indicate that the
carboxyamide replacement at position 315 inactivates
FumC by perturbing the active site, thereby elevating the
subsequent Km for the bound water.

Materials and methods

Mutagenesis

A set of oligonucleotide primers was designed to incorporate the
G-945–C transversion, along with an additional BamHI restriction
site. The upper primer sequence is CCGGAAAATCAGCCGG
GATCCTCAATCATGCC; the lower primer sequence is GGCAT
GATTGAGGATCCCGGCTGATTTTCCGG. The underlined
bases indicate the glutamine side-chain replacement at position
315, and the italicized region describes the newly engineered
BamHI restriction endonuclease site. The BamHI site allowed for
rapid identification of the mutant clones. Site-directed mutagenesis
experiments were carried out according to the QuikChange Kit as
designed by Stratagene. The mutant fumC gene was subjected to
automated DNA sequencing, and the only position of alteration
was that at position 945.

Protein preparation and crystallization

E315Q FumC was purified via metal-chelate chromatography as
previously described (Weaver et al. 1997). E315Q was pooled and
concentrated to 57.5 �M using an Amicon stir cell fitted with a
YM-30 membrane. Following concentration, E315Q was dialyzed
against two successive 4-L volumes of 20 mM Tris-HCl (pH 7.5),
5 mM DTT, and 5 mM EDTA. E315Q crystals were grown out of
a solution containing 150 mM sodium citrate (pH 5.6) and 14%
PEG 3350.

Kinetic analysis

Enzyme activity was measured by monitoring the conversion of
either S-malate to fumarate or fumarate to S-malate at 250 nm. The
conversion of S-malate to fumarate was monitored at 250 nm by an
increase in absorbance, whereas the conversion of fumarate to
S-malate was monitored by a decrease in absorbance at 250 nm.
For standard enzyme activity measurements during purification,
the assays were performed using 20 mM Tris-HCl (pH 7.9) and 50
mM S-malate. To ascertain the apparent kinetic constants of the
enzymatic conversions, including Km, Vmax, and kcat values, native
FumC and E315Q activity was measured at varying S-malate and
fumarate concentrations. Table 1 summarizes the kinetic data for
native FumC and E315Q.

X-ray data collection and refinement

The X-ray dataset was collected at room temperature using a
Siemens-Nicollet area detector and a monochromatic source from
a graphite crystal-CuK� (� � 1.542 Å). X-rays were generated
using a rotating anode operating at 45 kV and 200 mA. Two
crystals were used for the complete dataset collected to 2.6-Å
resolution. The X-ray data were merged and scaled with the
XENGEN suite of programs (Howard et al. 1987). The final
E315Q dataset was 93.5% complete to 2.5 Å and had an I/�(I) of
10.28 for data between 13- and 2.5-Å resolution with an Rmerge of
11.2.

To start the refinement scheme using the 1FUO coordinates, 100
cycles of Powell minimization were used, where Glu 315 was
initially replaced with an alanine side chain. After the initial Pow-
ell minimization, a round of simulated annealing including the
bulk solvent correction was performed within XPLOR version 3.8
(Brünger et al. 1987). A grouped B-factor refinement procedure
was performed following the simulated annealing run. Mut_Rep
and Tor_Res were used within the program O to position Gln 315
in the final electron density map (Jones et al. 1991). Water mol-
ecules obeying proper hydrogen-bonding constraints with electron
densities >1 � on a 2|Fo| − |Fc| map and 4 � on an |Fo| − |Fc| map
were also included as the model neared completion. Table 2 lists
the final refinement statistics for the E315Q crystal structure. The
representative coordinate file has been deposited at the Protein
Data Bank with the identification code 1KQ7.
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Table 2. Refinement statistics for E315Q FumC

Dataset E315Q

Resolution - Å 8.0–2.6
Rfree 25.1
Rfactor 17.9
No. Reflections I/�(I) 21262
Protein Atoms 6914
Water Molecules 18
Ligand Atoms 42
R.m.s.d. lengths-Å 0.007
R.m.s.d. angles° 1.261
R.m.s.d. dihedrals° 21.057
R.m.s.d. impropers° 1.269
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